Background: An often underestimated cognitive morbidity in patients with epilepsy is language
Patients with epilepsy commonly have cognitive problems, ranging from memory deficits to global cognitive deterioration. 1 Only modest attention has been given to language dysfunction in chronic epilepsy. Several studies have demonstrated an association between language dysfunction and poorer verbal memory and learning performance in temporal lobe epilepsy (TLE), [2] [3] [4] but also with subjective memory deficits. 5 Different clinical factors contribute to cognitive impairment in epilepsy, including antiepileptic drugs (AED), 6 head trauma, 7 interictal epileptic activity, 8 status epilepticus, 9 and even single seizures. 7 However, for individual patients these factors cannot always explain their cognitive problems, especially in cryptogenic epilepsy.
Cognitive comorbidity in TLE is associated with volumetric abnormalities, such as overall brain atrophy, 10, 11 and atrophy of the left temporal lobe 12 and corpus callosum. 13 Also, diffusion-tensor imaging (DTI) demonstrated an association between fiber tract damage and cognitive impairment in TLE. 14 Most, especially presurgical, studies focus on memory impairment in TLE, demonstrating relations between hippocampal injury and memory deficits. 15, 16 However, memory problems are also reported in extratemporal lobe epilepsy. As subjective memory problems are often related to language dysfunction, 5 language networks may be similarly affected.
The relation between cognitive function and language organization in epilepsy is complex due to possible intrahemispheric and interhemispheric language reorganization in localization-related epilepsy [17] [18] [19] and highly variable epilepsy characteristics. Moreover, cognitive functions such as language result from interactions of various rather than isolated brain regions. 20, 21 The objectives of this study were to investigate expressive and receptive language performance in cryptogenic localization-related epilepsy and relate language performance to functional connectivity in frontotemporal language networks.
METHODS Participants. Inclusion criteria for the patients were confirmed cryptogenic (i.e., nonsymptomatic) localizationrelated epilepsy with an epileptic focus in the frontal or temporal lobes, no history of status epilepticus, and no other disease that could cause cognitive decline. Healthy controls were family members and acquaintances of the patients without a history of brain injury or cognitive problems. All subjects gave written informed consent. Approval for the study by the local Medical Ethical Committee was obtained.
Initially, 52 patients and 27 controls were included, of whom 18 patients and 7 controls were excluded afterwards. Reasons for exclusion were status epilepticus in history (n ϭ 2), symptomatic lesion detected by 3-T MRI examinations (n ϭ 6), claustrophobia (n ϭ 2), decline of participation (6 patients, 5 controls), incomplete neuropsychological assessment (2 patients), and abnormal MRI in controls (n ϭ 2). The final study population included 34 patients (18 women and 16 men; mean age 40 years, range 22-63; side of seizure focus: left n ϭ 15, right n ϭ 6, bilateral n ϭ 13; focus location: frontal n ϭ 13, temporal n ϭ 8, frontotemporal n ϭ 11; 8 left-handed, 1 ambidextrous) and 20 healthy controls (11 women and 9 men; mean age 40 years, range 18 -56; 2 left-handed).
The following patient data were collected (for more details, see table e-1 on the Neurology ® Web site at www.neurology.org):
age at onset (mean 22 years, range 4 -56), total number of secondarily generalized seizures (SGS) experienced and partial seizures during lifetime, current seizure type, current seizure frequency (averaged over the last 12 months), seizure focus, and drug load. Total number of SGS was calculated according to the patient record and seizure diaries. For those patients with relatively low numbers of SGS, the exact number could be withdrawn from the patient record. For those with relatively high numbers of SGS (approximately 20 or more), the number was calculated according to the seizure frequency during subsequent periods, correcting for changes in seizure frequency (for example: weekly seizures during a few months followed by a period of seizure freedom). Drug load was calculated by the ratio of prescribed daily dose to defined daily dose.
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Neuropsychological testing. For intelligence, the Wechsler Adult Intelligence Scale-III was used. 23 For handedness, the Annett Handedness Questionnaire was administered. 24 In a clinical test for word fluency, the participants were asked to name as many animals as possible in 2 minutes (Stichting Afasie Nederland word-fluency test). 25 The discrimination level between normal and abnormal performance was set at the mean score for controls Ϫ2 SD. For text reading, the participants were instructed to overtly read a meaningful text (about Dutch sparrows) as quickly as possible. The words correctly read during 1 minute were scored. Poor performance was defined as a text reading score below the median of all patients' scores.
MRI protocol. All subjects underwent a clinical epilepsy protocol comprising isotropic T1-weighted, fluid-attenuated inversion recovery, inversion recovery, and T2-weighted MRI.
MRI was performed on a 3.0-T unit equipped with an 8-channel head coil. Functional MRI data were acquired using a whole-brain single-shot 3-dimensional blood oxygen level fMRI activation paradigms. In the word-generation paradigm, subjects had to covertly generate as many words as possible starting with a visually presented letter (U-N-K-A-E-P). The paradigm consisted of 6 word-generation condition blocks (1 letter per 30-s block) alternated with baseline rest condition blocks (30 s). Afterwards, all subjects were able to sufficiently reproduce words generated during the task. Previous studies have demonstrated activation in the anterior cingulate and inferior and middle prefrontal cortex. 26, 27 The reading paradigm consisted of a meaningful text with semantic content (6 blocks of 30 s each) which was alternated with nonsense words (7 blocks of 30 s each). Afterwards, all subjects were able to give a summary of the meaningful text. In previous studies using this reading paradigm, activation of the bilateral fusiform gyrus, middle temporal gyrus (MTG), and anterior temporal pole was observed. 26, 27 Image analysis. Image preprocessing. Analysis of the timeseries data were performed in the statistical parametric mapping (SPM2) software application (Wellcome Department of Cognitive Neurology, London, UK). Dynamic images were slice-timed and realigned to correct for head movement. The corrected images were transformed into the standardized stereotactic coordinate system developed by the Montreal Neurological Institute and smoothed (6-mm kernel).
Activation and functional connectivity analysis. Brain activation was assessed in terms of activation contrast between the task and baseline condition according to the general linear model in SPM2. A simple standard random-effects analysis was performed to assess differences in cerebral activation between the groups thresholded at the p Ͻ 0.05 level, corrected for multiple comparisons. 28 First, the activation maps of the 2 groups were compared on a pixel-by-pixel basis and clusters of significantly (family-wise error corrected) activated brain regions were reported. Second, based on the activation maps of the control group, masks were created to select the regions of interest significantly activated. The average individual BOLD response value was expressed as percentage signal change. 29 The selected brain regions for further analysis were based on the results of previous studies in healthy subjects using the same language paradigms. 26, 27 These regions included for the wordgeneration paradigm left and right inferior frontal gyrus (IFG), left middle frontal gyrus (MFG), and the dorsal part of anterior cingulate cortex (ACC). For the reading paradigm, the regions of interest included left and right MTG, left IFG, and ACC. Within each of these regions, for each subject the 200 voxels with the highest t value were selected to exclude noisy signal time-courses and to focus the assessment of the connectivity of activated brain regions.
For the functional connectivity analysis, the signal timecourses were obtained similar to the procedure described by other investigators. 30 Time-course data were low-pass-filtered to remove the effect of high-frequency signal components corrected for motion effects by using the 6 motion correction parameters as covariates. The correlation coefficients between all regions were calculated using the Fisher Z transformation. 31 Finally, for the resulting 6 possible interregional connections, a mean functional connectivity value was calculated per subject.
Statistical analysis. Statistical data analyses were performed in SPSS (SPSS Inc., Chicago, IL). Relevant values were expressed as mean value Ϯ SD. Mean functional connectivity values were correlated (Pearson) with word-fluency and text-reading performance. Differences between patients with epilepsy and healthy controls were assessed using Student t tests.
First, differences between patients and controls were assessed for each fMRI paradigm. Second, the functional connectivity for each task was correlated with neuropsychological test results. Third, for both tasks, the functional connectivity values of the patients with poorest neuropsychological test performance were compared with those of controls. To correct for multiple comparisons, a false discovery rate of 0.05 was applied. 32 Using a one-way analysis of variance test, the potential effect of side of seizure focus on functional connectivity was investigated with 4 groups: patients with left temporal or frontotemporal focus, patients with right temporal or frontotemporal focus, patients with frontal or bilateral (fronto)temporal focus, and healthy controls. Activation maps of the word-generation paradigm revealed significantly activated clusters in the left inferior and left middle frontal cortex (Broca region), the right middle frontal cortex, and the anterior cingulate cortex for both groups. The activation cluster in the left inferior parietal lobule was significant for the patients, but not for the control group. No significant differences were found between controls and patients with epilepsy ( figure 1, A and B) .
RESULTS
Functional connectivity values for patients with epilepsy were significantly lower than in healthy controls for 3 connections between the 4 selected regions: ACC-left IFG, ACC-left MFG, and left IFG-left MFG ( figure 1C) . The mean functional connectivity value in patients was also significantly lower than in controls.
Correlation of functional connectivity with language performance (table 2) demonstrated a significant corre- lation between mean functional connectivity and wordfluency performance in patients. To focus on those patients performing worst on the word-fluency test, the patient group was divided in 2 groups based on the performance of the control group (mean Ϫ2 SD): 1 subgroup with scores Յ34 words and the other with scores Ͼ34. When comparing the Յ34 group (n ϭ 18, 53%) with controls, the mean functional connectivity value was significantly lower in the patient group (figure 2A). Two (10%) controls had word-fluency scores of 34 or lower. The relation between mean functional connectivity in word-generation and text-reading performance demonstrated significantly lower mean functional connectivity with lower reading scores in the patient group. The patient group was divided in 2 groups based on reading scores of Յ176 and Ͼ176. The reading score of 176 words is the median number of words read by the patients. A comparison between patients with low reading score (n ϭ 17, 50%) and all controls revealed significantly lower mean functional connectivity for the patients. Three (15%) controls had a reading score lower than 176.
fMRI of text-reading paradigm. Activation maps of the controls showed significantly activated clusters in the left inferior frontal cortex, the anterior cingulate, and the bilateral temporal cortex. For the patients only the left temporal cortex showed a significantly activated cluster. No significant differences were found between patients and controls ( figure 1, D and E) .
Functional connectivity values were lower in patients for the connections left IFG-left MTG and left IFG-right MTG. The mean functional connectivity value in patients was significantly lower than in controls ( figure 1F) .
Correlation of functional connectivity with neuropsychological language performance (table 2) with analysis of text-reading performance demonstrated a lower mean functional connectivity value for the pa- tient subgroup with low reading performance (reading score Յ176) as compared with controls ( figure  2B ). A comparison of fMRI results of the textreading paradigm with word-fluency performance did not reveal any significant differences for the Յ34 patient group as compared to controls.
Clinical characteristics.
No correlation was observed between mean functional connectivity values of the word-generation and text-reading tasks and epilepsy characteristics, comprising number of partial and generalized seizures, age at onset of epilepsy, and drug load. Also, no effect of seizure focus could be demonstrated ( p Ͼ 0.05).
DISCUSSION For the first time, it was demonstrated that patients with cryptogenic localizationrelated epilepsy display difficulties in language functions, which relate to loss of functional connectivity in the language networks. Several studies have addressed the relationship of language and epilepsy. Patients with a wide variety of epilepsy syndromes may display interictal language impairment. In a survey of language skills in 60 patients with different epilepsy syndromes, almost 30% of the patients demonstrated difficulties. 33 Patients with left TLE exhibited poorer language performance than patients with right TLE, 4 though it was suggested that both groups display language difficulties. 34 Except for an early onset of epilepsy, 35 no other epilepsy parameter has been associated with poorer language performance. Our findings confirm the results from these previous studies demonstrating interictal language difficulties, but without an association with epilepsy characteristics.
Notable differences were observed in the functional connectivity between the involved brain regions, which indicates a reduced synchronization of activity in the language network. This impairment of language circuits manifested both in prefrontal and temporal regions. These findings illustrate that impaired language function may not necessarily be reflected by altered patterns or levels of cerebral activation, but may be characterized by improperly orchestrated activity in the language network.
The reduction in functional connectivity in the word-generation paradigm correlated with lower word-fluency performance and reading scores in the epilepsy group. For word generation, the largest difference in functional connectivity between epilepsy patients and controls was found for the connection between the ACC and left-IFG region. This difference was most pronounced for the patients with lowest word-fluency scores. This implies a relationship between loss of functional connectivity within cerebral circuits and deficient performance. For the fMRI reading paradigm, no direct correlation between a lower mean functional connectivity value and reading score or word-generation performance could be demonstrated. However, functional connectivity differed significantly between patients and healthy controls, and this effect was even more notable when comparing those patients with worse reading scores to healthy controls. The largest difference in functional connectivity between epilepsy patients and controls was found between the MTG and IFG region in the left hemisphere. The observed differences between the word-generation and text-reading paradigms may have different explanations. First, the specificity of the applied fMRI paradigms to activate the different regions involved in the language network is probably higher for the word-generation task than for the text-reading task. Second, temporal brain areas are more prone to suffer from loss of BOLD signal due to technical issues. 36 With higher levels of activation, possible differences between patients and healthy controls are more easily detected. This might also explain why the results of the wordgeneration paradigm are correlated with both neuropsychological tests and the text-reading paradigm to neither. A third explanation is the involvement of the prefrontal cortex, which is more strongly involved in expressive word generation than in receptive reading. Apparently, the prefrontal cortex and its inherent high number of connections seem more prone to impairment than the temporal cortex in chronic epilepsy, but this suggestion needs independent proof. Although the current study shows that decline of language function is associated with decreased network connectivity, one cannot exclusively ascribe the observed network changes to impaired language function as other high-order cognitive functions (e.g., attentional processes and working memory) may be of influence and have a partly overlapping distribution of active brain areas and connections.
Recently, functional connectivity analysis has been performed in presurgical patients with left TLE. 30 This study showed a reduced functional connectivity for the language areas in the resting state.
The authors suggested a disturbance of the language network; a relation with neuropsychological performance was not investigated. Moreover, patients with left TLE showed an alteration of activation lateralization compared to controls. The current study differs in several aspects, since no differences in activation patterns were demonstrated in 2 language tasks, patients had no symptomatic lesions, and data from the activated state were used to calculate functional connectivity emphasizing the connectivity of the activated cortex. The current research extends on this by demonstrating that reduced language connectivity in epilepsy is a pathologic phenomenon that is not dependent on the presence of (temporal) lesions.
Whether the decrease in functional connectivity within the prefrontal network in our patients is associated with a reduction of structural connectivity as well was not investigated in this study. In previous research, resting state functional connectivity in healthy subjects reflected structural connectivity as measured with DTI. 37 In studies with patients with TLE, altered functional language lateralization was reflected by a structural reorganization of white matter tracts 38 and stronger white matter tract connections in the language-dominant hemisphere were associated with better naming scores. 39 In another study with patients with TLE, an association of structural damage of multiple fiber tracts, especially in the left hemisphere, and language impairment was demonstrated as well.
14 Although the differences in functional connectivity between patients with epilepsy and healthy controls in this study are evident, the underlying mechanisms remain to be elucidated. It is attractive to attribute all differences to whether the participant has epilepsy or not. It can be argued that the 2 groups differ in handedness, and thereby possibly in cerebral language organization. In a post hoc analysis, however, no significant influence of handedness on our results could be demonstrated. It could nonetheless be interesting to study larger groups of left-handed patients and healthy controls to assess possible differences. Furthermore, it would be interesting to compare our results with those of patients with dyslexia. Changes in cerebral network connectivity, though different from those in our study, have recently been demonstrated. 40 If our results are maintained even after comparison with other language-impaired patients without evident structural brain damage, the influence of epilepsy can be confirmed.
Further studies are required to assess the individual conditions leading to altered functional connectivity in patients, which would ideally lead to the identification of patients at risk for developing cogni- Relation between cerebral functional connectivity and language performance (A) Stichting Afasie Nederland word-fluency scores and mean functional connectivity in the word-generation fMRI paradigm. Correlation between word-fluency scores and mean functional connectivity was significant for the entire patient group as indicated by the (solid) regression line (see table 2 ). The (dotted) vertical line represents the discrimination level between normal and abnormal performance on word fluency. WFS ϭ word-fluency score. (B) Text-reading performance and mean functional connectivity in the text-reading fMRI paradigm. The (dotted) vertical line represents the discrimination level between normal and abnormal performance on text reading. No significant relation between reading score and functional connectivity was found for the entire patient group (see table 2 ). TRS ϭ textreading score.
tive impairment, issues regarding causality, and the improvement of therapeutic decisions.
